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adhesion. This arrangement allows ACF to conduct in z-direction, i.e. normal to the plane of adhesive film, while remaining insulation in the x-y plane due to the particles concentrated is far below the critical value to achieve percolation conduction. ACF has many distinct advantages over it counterparts. First, it is environment friendly, avoiding the toxicity and concerning from the lead and chlorofluorocarbon-based flux cleaners. Second, lower curing temperature is required that reduces joint fatigue and stress cracking problems. Third, it has higher flexibility and closer match in coefficient of thermal expansion (CTE) that enables a more compliant connection and minimizes failures. Furthermore, the smaller filling particle size facilitates finer line resolution, and the placement of adhesives is not critical. More recently, jointing technique based on ACF is playing an increasingly important role in the design and production of electronic packaging applications, such as the COG technique for LCD, flip-chip bonding of radio frequency chips, and so on (Yim, et al, 2005) .
Fig. 1. A typical COG packaging process using ACF interconnection
The reliability of COG packaging is an important aspect in the electronics industry. It is found that the reliability is much dependant on the properties of the ACF (Lin & Zhong, 2008) . Missing strong metal connection, ACF jointing usually has poor adhesion strength and unstable contact resistance, which are the two most critical reliability issues of ACF applications (Kim & Kim, 2008) . High adhesion strength is a critical parameter of fine pitch interconnection that fragile to shocks encountered during assembly, handling and lifetime. During the curing process, voids are generated between the chip, adhesion and glass panel. These voids may affect the adhesion strength of the ACF, resulting in low reliability (Uddin, et al, 2004) . Mechanisms to affect the stability of contact resistance include water absorption, electrochemical corrosion and metal oxidation, resulting in ever-increasingly unstable resistance through time, particularly under high temperature and high humidity conditions (Wu & Chau, 2002) . These degradation mechanisms interfere with the contact resistance of ACF joints and hence limiting the ultimate electrical and mechanical performance of FPD module, which depends to a large extent on the curing conditions, including curing time, temperature, pressure, etc. Successful bonding involves the selection of proper bonding parameter, during which chemical reactions proceed to completion, in order to develop its strong adhesion strength and stable contact resistance. During ACF bonding process, heat and pressure are applied concurrently to the component, and the conductive particles between an IC bump and a glass substrate pad change their www.intechopen.com ACF Curing Process Optimization for Chip-on-Glass (COG) Considering Mechanical and Electrical Properties of Joints
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shape from spheres to ovoid to form the z-direction conduction paths. On the one hand, when heat is applied during bonding, the epoxy matrix of ACF is cured and becomes soft first and then rubbery. This transformation allows the ACF to flow, which in turn allows the conductive particles within to move and distribute themselves evenly throughout the ACF joints. When the curing process is completed, the ACF becomes hardened and the mobility of the conductive particles loses. A reliable electrical interconnect should have sufficient amount of conductive particles captured between the bump and pad, and they do not flow away after cured. The fluidity of the conductive particles during ACF bonding is strongly dependent on the curing temperature and time. Higher curing temperature and shorter time will limit the fluidity of particles and chemical reaction of epoxy, resulting in large and uneven contact resistance due to the less particles captured and their uneven distribution. Furthermore, inadequate chemical reaction will decrease the capability to endure the high hydrothermal impact during operations, which will speed the contact resistance shift (Hwang & Yim, 2008) . On the other hand, the deformation amount of the conductive particles, determined by the amount of the pressure applied during the bonding process, has also a great influence on the contact resistance and adhesion strength of the ACF joints. Too much pressure will make the particle a larger deformation degree, meaning a larger recovery rate. When the external pressure is cancelled after cured, a larger residual stress will be present, due to the difference of the expanding fore of the deformed particles and the compressive force of the polymer matrix resin, which will speed the interface breakdown between ACF and IC or ACF and substrate. In fact, too much spread of the particles between adjacent bumps or pads, caused by too large pressure applied, will also increase possibility of short-circuiting. Whereas if the bonding force is too low, the particles may not be able to make contact between the connecting bumps and pads (Masahiro & Katsuaki, 2006) . Moreover, in some cases an excessive pressure on bumps can cause glass breakage, so the bonding pressure imposed on the backside of the IC must be controlled precisely. Hence, to have a reliable ACF interconnection in a fine-pitched COG module, the thermo-compression bonding conditions need to be optimized except for the material properties of ACF. Extensive studies have been done on the ACF bonding in past decades. However, most of them focus on certain bonding process parameter optimization, such as bonding pressure, temperature, time, and its correlations with the reliability of ACF joints subjected to various thermal, mechanical or environmental stresses. In fact, these bonding parameters not only influence the contact resistance of ACF joints but also determine their adhesive strengths greatly. Therefore, the electrical performance and adhesive strengths must both be considered to determine the optimum bonding parameters for reliability of interconnection from a systematic viewpoint of ACF curing reaction mechanism. Usually, the curing reaction of ACF is characterized by the curing degree of epoxy resin, defined as the fraction or extent to which the maximum possible cross links has been produced in a reaction. However, little work has been done to reveal the correlations of adhesion strength and contact resistance of flip chip with the curing degree of ACF matrix (Chung, et al, 2008) . In the present work, the effect of different curing degrees on the electrical and mechanical properties of a typical ACF is studied through a systematic joints reliability evaluation method, and the optimum curing degree as well as its corresponding curing conditions for the given ACF is suggested to achieve highly reliable ACF joints, where the performance variations of the adhesion strength and contact resistance are considered simultaneously. The later sections are organized as follows. In section two, the degradation data of the contact resistance of some ACF assemblies, bonded with several curing degrees, is collected during a standard high hydrothermal fatigue test. The resistance distribution of the ACF assemblies for each curing degree is verified and the distribution parameters are estimated respectively. In section three, a reliability analysis method based on the degradation data of contact resistance is adopted, and the reliability index as well as the mean-timetodegradation (MTTD) of ACF joints, as a function of the curing degree, is deduced, through which, the optimization curing degree is suggested. In section four, combining with the mechanism analysis and actual experiments, the curing kinetics model of the given ACF is built. Based on which, the optimum bonding parameters are suggested and are verified by way of actual ACF curing experiments. Finally, section five organizes this work and the value of this work is evaluated.
Degradation test and probability distribution analysis of ACF joints contact resistance
Investigators found that the worst environment for ACF joints was the thermal cycling and high hygrothermal (Wu & Chau, 2002) . The contact resistance of ACF joints will become unstable through time, particularly under high temperature and high humidity conditions, where the mechanisms that affect the stability of contact resistance include water absorption, metal oxidation and electrochemical corrosion. The residual stress due to thermal compression during bonding, the oxidation of metal conductive bump and particles, hygrothermal expansion of adhesive and the CTE mismatch between components, were the main factors to result in the contact resistance increase of the ACF joints in the high hygrothermal environment. In this work, some high hygrothermal fatigue tests of ACF assemblies, bonded with several different curing degrees, are conducted under the high temperature (85°C) and high humidity (85%RH) conditions (so called 85/85 conditions), which are well known as the qualification standards throughout the electronic industry. The corresponding contact resistance is examined and is recorded. After that, the distributions to model the data collected are checked, and the distribution parameters are estimated respectively, which can be fitted as a function of the test time.
Experimental procedure
Four groups of ACF-based joints specimens were prepared with various curing degrees, which were achieved by controlling the curing time accurately and keeping the curing pressure 3N and temperature 170ºC unchanged for all specimens. In each group, there were four specimens. In the test, a thermosetting epoxy-based ACF was adopted, which contains Ag particles with an average diameter 3.5 μm and occupies 5% volume fraction or so. After that, all specimens were put into a chamber with the temperature 85°C and humidity 85%RH to reveal the contact resistance degradation, which will be used to evaluate the influence of curing degree on the ACF joints reliability. The contact resistance of all the specimens were measured and recorded every three days averagely, as listed in table 1.
Probability distribution of contact resistance degradation data
The contact resistance degradation data of each group specimens during the hygrothermal fatigue tests is appraised with the aid of the well-known two-parameter weibull distribution method. Figure 1 shows the weibull probability plots of each group specimens at various Table 1 . Contact resistances of specimens during the 85°C/85%RH hygrothermal test for various curing degrees (unit: mΩ) Fig. 2 . Weibull distribution of contact resistance degradation data for each group of specimens characterized by different curing degree α observation time. From figure 2, it can be seen that for each group specimens, most of the data fall on the straight-line plots except for several occasional outliers. This suggests that the two-parameter weibull distribution is a reasonable candidate to model the contact resistance degradation data of ACF joints, so the probability density function (PDF) of the contact resistance of specimens can be given by:
(1) Herein, t is the hygrothermal testing time, β and η are the shape parameter and scale parameter of the weibull distribution respectively. Usually, both β and η are timedependent and can be expressed as a certain function of the hygrothermal testing time t. The shape and scale parameters of each weibull distribution plot, corresponding to different curing degree, are recorded, as listed in table 2. Table 2 . Weibull distribution parameters of each specimen group corresponding to figure 1
Estimation of the time-dependent distribution parameters
From table 2, it is found that the shape parameter keeps unchanged approximatively except for certain occasional outlier for each group, while the scale parameter all vary obviously with an incremental trend for each specimen group. Least squares fitting is used to model the data and the resultant time-dependent functions for each specimen group characterized by four different curing degree, namely 80%, 85%, 90% and 95%, are expressed by the equations (2) to (5) respectively, which are graphically shown in figure 3 correspondingly. As shown in figure 3, for each group, the scale parameter η increases with the increment test time t. That means the contact resistance of the ACF joints degrades in an exponential way except for the case where the curing degree is 80%. In the next analysis, all the shape parameters are characterized by the mean value of the test results.
Reliability analysis and curing degree optimization
Although the equations (2) to (5) are drawn from the given test data, it is still reasonable to conclude that the weibull distribution parameter η is the function of test time t while β is time-independent constant value for each specimen group. So submitting β and parametric η(t) into the equation (1) yields the conditional probability density function of the contact resistance for each group at a given test time, written as: (6) Generally, the interfacial delamination of ACF bonding emerges during its application that can result in the failure of whole COG module. The failure criterion is usually defined as the resistance increase to certain threshold value, denoted by a constant d. Then the reliability function of the ACF joints at a specific time t for each group specimen is defined as: (7) From equation (7), it is found that the joints reliability is the function of time t and the failure threshold value d. Similarly, for each specimen group, the mean value function of the contact resistance at a specific time t is defined as: (8) Herein, Γ (•) is the Gamma function. Obviously, if the resultant mean value according to equation (8) equals to the failure threshold value d, the corresponding time t is the meantime-to-degradation of the specimen, denoted by MTTD, i.e. (9) Solving equation (9) will obtain MTTD value. Typically, for the ACF joints formed under the given curing degrees, namely 80%, 85%, 90% and 95%, β and η(t) are given by the equation (2) to (5) respectively.
Time-dependent analysis of joints reliability
Substituting equation (2) to (5) into equation (7) respectively, the ACF joints' reliability functions, as a function of the hygrothermal test time for the four given curing degrees, are given respectively, by which the joints reliability at certain specific time t can be estimated and calculated if the resistance failure threshold value d is given. Two group curves of the reliability against the time for the given four group specimens according to two different failure criterions, i.e. 1000 mΩ and 1400 mΩ, are comparatively plotted together, as shown in the figure 4. From figure 4, it is found that whichever the threshold value is used, the reliability of ACF joints reliability ℜ(d,t) versus hygrothermal test time t for each curing degree decreases monotonously while in different ways. This means that all the ACF joints, bonded under different curing degrees conditions, degrade by a single same or similar damage mechanism when suffering from same hygrothermal fatigue test. For the ACF joints tested, those, cured with a curing degree 85%, have a highest reliability than else obviously. That implies that the optimum curing degree is a certain middle value, near the 85%, in the range of 80% to 90%. For the ACF joints cured with other curing degrees, the reliability curves are interlaced to each other. For those with curing degree 95%, the reliability is lowest in the early time but the curve is flater than other two cases. That means that the ACF joints with high curing degree have a better endurance under the high hygrothermal environment.
Time-dependent analysis of joints resistance
Similarly, the mean resistance of ACF joints' can be quantitatively calculated by substituting equation (2) to (5) into equation (8) respectively. Clearly, from equation (8) it can be seen that the contact resistance of ACF joints is only correlated to the test time t. Numerical calculations are achieved for each group specimens, and the resultant resistance against hygrothermal test time t is graphically shown in figure 5 . From figure 5, it is found that the resistance of all the ACF joints' increases monotonously with the increment of time t. The similar sigmoid shape except for the case 80% also implies that the ACF joints enough cured will degrade by a single same or similar mechanism under high hygrothermal environment. From figure 5 , it is also found that the joints with the curing degree 85% have a lower contact resistance and a slower degradation rate than other specimens. That also implies that the optimal curing degree does exist near the 85% in the range of 80% to 95%. The optimum curing degree needs to be investigated further according to the mean time to degradation of joints in the following section.
MTTD calculation for given failure criterion
As mentioned above, the MTTD value of the joints can be estimated using equation (9) for a given failure threshold value of contact resistance. Usually, equation (9) is a highly nonlinear equation, and directly solving the optimal solution of MTTD for certain given threshold value is very difficult. Fortunately, figure 5 shows that there is a one-to-one relationship between contact resistance and fatigue time for each group specimens. That means that there will be only one optimal MTTD value for any given failure criterion. Herein, a numerical calculation method based an improved Golden Section Search arithmetic is used to calculate the desirable MTTD, described as follows: 1. Pick two large enough time values t L and t U that bracket the optimal MTTD range, and construct the goal function denoted by equation (9). 
Calculate two interior values from t
1 = 0.382 × ( t U −t L )+t L and t 2 = 0.618 × ( t U −t L ) + t L ,
Fig. 5. Mean degradation value of contact resistance versus time for joints with varous cure degree
A C++ program agreeing with the above procedure is developed to compute the optimal MTTD value for certain given failure criterions, namely 1000 mΩ, 1100 mΩ, 1200 mΩ and 1400 mΩ, as listed in table 3. Table 3 . MTTD value of ACF joints tested for different resistance failure criterions (unit: days)
Curing degree optimization analysis
To find the optimum value of curing degree, the influence of curing degree on the MTTD of the joints is analyzed. For a more reliable conclusion, least square fitting is used herein to model the data listed in table 3 for the four different failure criterions respectively, which are comparatively shown in fatigue 6. From figure 6, it is found that for each failure criterion, the resultant MTTD value firstly increases and then decreases with the increment of the curing degree, and the maximum MTTD value of the ACF joints occurs at the curing degree 83% or so for each failure criterion. Although this conclusion is drawn from the given test data, it is still reasonable to conclude that the optimum curing degree for the ACF tested is 83% or so, and the desirable range of the curing degree is 82% to 85% considering 95% confident interval. In fact, more failure criterions else have also been done, and same conclusions have also been drawn. 
Curing parameters choice and optimization
Usually, the curing process of the ACF joints is achieved through controlling some key curing parameters, such as curing time, temperature and so on accurately, instead of controlling the curing degree directly. Therefore, we need to correlate the curing degree to those key parameters through curing kinetics modeling, by which the optimum curing parameters can be chosen for a given curing degree necessary.
Modeling for curing kinetics of ACF
To study cure kinetics of epoxy resin, several different methods have been proposed over the past decades, such as Fourier transform IR spectroscopy (FTIR), high pressure liquid chromatography (HPLC), nuclear magnetic resonance (NMR), differential scanning calorimeter (DSC), chemical titrations, and so on. Among them, DSC analysis is one of the best-known methods, which is mainly classified into two categories. One is isothermal test and the other is dynamic test. Both of them are based on the assumption that the exothermic heat evolved during the curing reaction is proportional to the extent of monomer conversion. That means that, for an ACF curing process, the measured heat flow dH/dt is proportional to the curing reaction rate dα/dt. This assumption is valid if there are no other enthalpic events except for chemical reactions occurring, such as evaporation, enthalpy relaxation, or significant changes in heat capacity conversion. Usually, the instantaneous change of the conversion rate is defined as: (10) Herein, ΔQ is the exothermic heat, expressed as heat per mol of reacting groups ( KJ ·mol -1 ) or per mass of materials (J·g -1 ). Usually, the curing kinetics equations of thermosetting materials are classified into two general categories: nth order and autocatalytic, which represents the overall process if more than one chemical reaction occurs simultaneously during curing (Chan, et al, 2003) . For thermosetting materials that follow nth order kinetics, the rate of conversion is usually proportional to the concentration of unreacted sections (Chan, et al, 2003) , i.e. (11) Herein, n is the reaction order, and k is the temperature-dependent rate constant given by the Arrhenius equation: (12) Herein, E is the activation energy, R is the gas constant, T is the absolute temperature, and A is the frequency factor. Equation (11) assumes that the reaction rate α is dependent only on the amount of unreacted materials and the reacted sections do not participate in the remaining reactions. As such, a logarithmic plot of the equation (11) would result in a linear relationship, from which the reaction order can be estimated to the linear slope. Autocatalyzed curing reactions, on the contrary, assume that at least one of the reacted sections will participate in the remaining reactions, and usually are characterized by an accelerating isothermal-conversion rate. The kinetics of autocatalyzed curing reactions is generally expressed by (Lee, et al, 1997) : (13) Herein, m and n are the reaction orders. k 0 is the initial rate constant and is zero if no reactions occur at initial time. k is the temperature-dependent rate constant given by the equation (12). For autocatalytic reactions, at least two reaction orders, i.e. m and n , are needed to be determined. Boey and Qiang (2000) propose a numerical method to estimate the parameters that depend on the extent of reaction at the exothermic peak as well as the rate of the reaction at the peak. Usually, to simplify the calculation, the total reaction orders are assumed to two, i.e. let m+n= 2. Thus, the coefficients of the kinetics equation modeled by equation (13) Herein, α p and are the curing degree and curing rate correspondingly at the exothermic peak, which can be easily obtained from the DCS thermogram. It should be mentioned that in order to model the curing kinetics, it need to check the curing reaction of ACF given, nth order or autocatalytic. For the former, equation (11) indicates the maximum curing rate occurs at the time zero, while the maximum curing rate occurs at a certain middle time during the cure for the latter, which typically reaches its maximum between 20% and 40% conversion. Usually, the criterion mentioned here are used to check the curing kinetics of the undergoing reactions is nth order or autocatalytic. Whichever the kinetic model is adopted, the activation energy E and frequency factor A for the cure process must to be calculated. There are two different methods to estimate them according to the DSC test method adopted. For the isothermal DSC test, they can be estimated from the linear logarithm plot of the Arrhenius equation based on the isothermal curing test data. For the dynamic DSC test, the estimation of the activation energy and frequency factor can be achieved through the well-known Kissinger equation, as: (15) Herein, the subscript i is the specimen number, β is the heating rate and T p is the peak temperature of reaction curve. Equation (15) indicates that there is a linear relationship between ln(β/T p 2 ) and 1/T p . If the least square linear fitting is met, then E and A can be estimated from the slope and intercept of the linear plot fitted.
Coefficients estimation of curing kinetics
The estimation of the coefficients for the curing kinetics aforementioned is achieved through a group of dynamic DSC experiments, where a thermosetting epoxy-based ACF was tested using a DSC with a computerized data acquisition system in this study. The ACF contains Ag particles with an average diameter 3.5 μm and occupies 5% volume fraction or so. Some dynamic DSC tests were performed from 80ºC to 180ºC with four different ramp rate, namely 20ºC/min, 15ºC/min, 10ºC/min, 5ºC/min, during which, the rates of heat generation as a function of the temperature and time were recorded correspondingly. The plots of the dynamic DSC scans are shown in figure 7 and the resultant data were listed in table 4. Table 4 . Dynamic DSC data of ACF tested From figure 7, it is found obviously that the larger the heating rate is, the sharper the curve does be. That means the curing process of the ACF is quickened with the increase of the heating rate. The calorimetric curve of figure 7(a) was integrated in order to obtain the integral curing curves, indicating the time dependence of the curing degree using a digital integral method. Herein, the curing degree was estimated by the division of the cumulative heat at a certain time ΔQ t over the total exothermic heat ΔQ of the curing process, as shown in figure 8 . The zero-initial sigmoid shape of the curves means the maximum curing rate occurs at certain middle time of the overall cure process, which reveals that the undergone cure process follows an autocatalytic mechanism, and equation (13), keeping k 0 zero, will be adopted to model the cure kinetics of the ACF. Fig. 7 . Dynamic DSC plot of ACF for different heating rate From the DSC thermograms, as shown in figure 7(a) and figure 8, the total exothermic heat ΔQ of the curing process is 1758.9 mJ and the cumulative heat ΔQ t at the exothermic peak time is 935.4 mJ. Therefore, the cure degree at the exothermic peak, namely α p , are 0.53.
Taking it into equation (14), and the resultant coefficients m and n are 1.06 and 0.94 respectively. Next, the activation energy E and frequency factor A will be estimated through Kissinger equation. Test data listed in table 4 is used to model the relationship of -ln(β/T p 2 ) and 1/T p , and it is found that they follow a linear relationship with an ultra-high regression index 1.0, or so, as shown in figure 9 . From the linear plot, the slope and intercept are found to be 9156.12 and -13.86. From equation (15) . Fig. 9 . Curve of -ln(β/T p 2 ) versus 1/T p for the ACF tested
Choice of curing parameters
Usually, there are mainly two curing patterns. One is the isothermal curing and the other is the non-isothermal curing. For the isothermal curing process, the function of the curing degree versus curing time, for a certain curing temperature, can be obtained by directly integrating equation (13), which can be rewritten as the following form:
By taking the integral firstly and then the natural logarithm, the equation (17) can be expressed as follow: (18) where (19) Usually, the glass substrate is temperature sensitive, so the bonding temperature during the COG packaging should be controlled accurately. For the non-isothermal curing process, characterized by the heating rate β, the equation (13) can be rearranged as:
By integrating equation (20), the relationship of curing degree and curing temperature for certain heating rate can be given. According reference (Ozawa, 1970) , the integral equation (20) can be expressed by means of polynomial form, i.e.
For the isothermal curing of the ACF tested, taking activation energy, frequency factor as well as the coefficients m and n into equation (18), the function of cure degree is written as:
Herein, t is curing time with the unit second, T is curing temperature with the unit K, and α is curing degree. Through the equation (22), the bonding time necessary to reach certain cure degree can be determined for certain bonding temperature. Figure 10 shows some typical relationship curves of curing temperature and time to reach some certain curing degree. It is found that for each curing degree, the curing time needed is lengthened with the temperature increasing of the isothermal curing process. Herein, some typical valuepairs for the curing time and temperature is chosen for the optimum curing degree range, i.e. 82%~85%, and listed in table 5.
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Conclusions
In the work, the ACF curing process is optimized from the viewpoint of curing degree to find out the desirable curing process parameters. First of all, the influence of various curing degrees on the contact resistance of ACF joints is studied, using a systematic joints reliability evaluation method through some typical high hygrothermal fatigue tests. Degradation analysis is achieved, instead of the traditional failure time analysis, and the dependence of ACF joints' mean time to degradation on curing degree is analyzed, by which the optimum curing degree value as well as the recommend range is suggested. Results show that the optimum value for curing degree is 83% and the recommend range is from 82% to 85% for the ACF tested considering 95% confident interval. After that, the recommened curing parameters to reach certain desirable curing degree are also investigated, which is achieved by building the curing kinetics model of the ACF tested. The study of this work will provide an important support to optimize the curing process for various ACF-based packaging applications, such as the COG packaging for LCD, flip-chip bonding of radio frequency chips, and so on COG. 
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